Introduction {#sec0005}
============

The anterior cruciate ligament (ACL) is one of the four most important ligaments of the knee. Together with the posterior cruciate ligament, tibial collateral, and posterolateral ligaments, it helps maintain the knee stable by not allowing abnormal movements between the femur and the tibia. The treatment of ACL injury is often surgical. In the absence of an ACL, the practice of some sports becomes inadvisable, as frequent sprains may occur due to instability and its complications.[@bib0140] The indication of surgical reconstruction of the ACL is due to the presence of symptoms, especially instability. This method of treatment presents better results for sports practice.[@bib0145]

In the United States, the most commonly used graft for ACL reconstruction is the knee flexor tendons, more specifically the tendons of the gracilis and semitendinosus muscles. This graft is also called quadrupled grafts, because it has four bundles, two from the gracilis and two from the semitendinosus.[@bib0150] Its main advantages are low morbidity at the donor site, lower rates of quadriceps muscle atrophy, and less painful rehabilitation. As a disadvantage of this technique, some authors question the rigidity of tendon fixation to the bone.[@bib0155]

In most cases of ACL reconstruction, the tibia is secured with interference screws, which was the first device specially designed for this type of surgery.[@bib0160] This isolated method may not be sufficient for tibial fixation since the tibial cancellous bone has a lower density than its femoral equivalent.[@bib0165] This finding is more frequently observed in elderly patients or in those with diseases that affect bone density. In these cases, an additional fixation may be required.[@bib0170] Another possible advantage of a secondary fixation is the fact that the patient is authorized to undergo a more aggressive initial rehabilitation, with less muscle mass and proprioception loss, due to the increase in fixation resistance.

The three frequent options for additional tibial attachment to the screw are staples, a screw post, and a screw with a washer. The use of screw posts or screws with washers is affordable and present good results.[@bib0175] The disadvantage is that, in some cases, it can generate pain in the region under the screw head. This incidence of pain can reach 48% of the cases.[@bib0175]

The staple is a fixation method that has the advantage of being positioned at the same level as the bone structures, reducing the chances of discomfort for the patient. The staple can be used as a supplement to the interference screw, but only a few studies in the literature have assessed the mechanical behavior of the supplementary fixation with staples in the tibia.[@bib0170], [@bib0180], [@bib0185]

This study is aimed at comparing, in an animal model, the mechanical behavior of tibial fixation of the flexor tendon grafts with an interference screw *vs.* an interference screw plus a staple.

Material and methods {#sec0010}
====================

The test specimens were mounted with swine tibiae and bovine tendons.[@bib0190], [@bib0195] They were divided into two groups: Group (1) control group, in which the graft was secured with interference screws; Group (2) double fixation group, in which the graft was secured with interference screw and staples.

The tendons were harvested in a slaughterhouse, and the peritendinous tissues were removed. As the tendon anatomy is Y-shaped, they were dissected to form two tendon segments. The two ends of the separated tendons were sutured with No. 5 polyester thread.

Tendons were harvested in pairs, for measurement in a perforated ruler, with millimeter holes, in order to create quadrupled grafts. Only grafts with a maximum diameter of 9 mm were included in the study.

To accurately gauge the area, the grafts were immersed in type [II]{.smallcaps} Jeltrate alginate (Dentsply, York, PA, United States) in a 20-cm-long, 5-cm-wide box. After a few seconds, the alginate paste becomes gelatinous and creates a cast. This cast was sectioned transversely into 10-mm-thick blocks.[@bib0200]

Sections from the resulting template were scanned at 600 dpi resolution using an HP J5780^®^ digitizer; the Image-Pro Plus^®^ software was used to generate cross-sectional area measurements of the templates from the scanned images ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Image acquired by the scanner in Image-Pro Plus software.

The area of each quadrupled graft was obtained by adding the mean area of its four extremities.

Swine tibiae were obtained from animals of *Large White* breed weighing between 100 and 120 kg. Forty specimens were selected and purchased in a slaughterhouse for human consumption.

The surgical procedure began with a conventional tibial guide to position a Kirschner wire, which served as a guide for drilling the 9-mm tunnel with a cannulated drill. The tunnel was created in its original insertion; its exit was placed between the intercondylar eminences, in the superior articular surface. The drill followed the guidewire on the medial aspect of the tibia, approximately 2 cm medial to the anterior tibial tuberosity.

In 17 specimens, the graft was secured only with a 9-mm diameter titanium interference screw (Group 1). In Group 2, a thorny staple was used ([Fig. 2](#fig0010){ref-type="fig"}) in association to the interference screw to secure the graft ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 2Thorny staple.Fig. 3Fixation with interference screw and staple.

After the surgical procedure, the specimens were embedded in epoxy resin 134 in rigid PVC molds with the dimensions of 60 mm diameter, 75 mm length, and 3.3 mm thickness. The epoxy resin was manipulated at a ratio of 1:4, *i.e*., 25% catalyst and 75% resin. The total curing time of 60 min was respected.

In order to maintain the specimens upright during the simultaneous filling of six casts with resin, a support device was constructed with MDF sheets (15-mm thick), a brushed steel bar (12.7 × 500 mm), and wood screws (5 × 30 mm). The height from the base to the support bar was 230 mm; the external length of the graft, 500 mm; and the external width, 180 mm.

After being embedded in resin, the samples were mounted in a fixation and alignment device for the assay. This device consists of an angled precision vise with jaws designed to allow the attachment of cylindrical bodies. The configuration of the vise allowed a good visual alignment between the traction axis and the graft tunnel.

The jaws of the vise were made of AISI 1045 steel, with wedge creases inclined at 20°, which allowed tilting the *x*-axis from 20° to 65°.

The tendon traction sleeve was made of the same material as the vise and consists of three components: a fixation screw in the load cell, the U-shaped body, and an 8-mm diameter pin on which the tendon was looped.

During all manipulation, storage, and fixation procedures and mechanical testing, the tibiae and tendons were kept moist with an isotonic saline solution to avoid dehydration and alteration of their mechanical characteristics.

The tendons were placed in an EMIC DL 10000 traction machine, equipped with displacement transducers and an S-type load cell (EMIC-CCE5KN), with a maximum nominal load of 500 Kgf and resolution of 0.1 Kgf. The graft was maintained at 50 mm from the tibia, simulating the surgical condition. The fixation of the tendon loops on the sleeve and of the test specimen on the jaws was made through visual alignment of the axis of rotation of the machine and the axis passing through the graft tunnel in the fixation device.

After fixation of the porcine knee to the machine, a constant 80-N traction force was applied for 2 min for pre-tensioning and system accommodation.[@bib0205] Thereafter, the traction force was returned to 10 N. At that moment, the single traction test was initiated at a speed of 30 mm/min. The test was interrupted after 10 mm of displacement. *F*~10~ was defined as the force measurement at the point of 10 mm of displacement.[@bib0210]

The force and displacement data were provided by the EMIC machine\'s software (TESC) and exported to Microsoft Excel^®^ software.

The first point at which the chart line stopped being straight was also recorded, as it is the point where the tendon deformity has ceased to be elastic (with a capacity to return to the original state) and has become plastic.[@bib0215] This parameter is called the yield load and is represented in this study as *F*~y~.[@bib0170]

For certain *F*~10~ and *F*~y~, the secant mode was used to measure the slope of the line, which translates into stiffness measurements (*R*~10~ and *R*~y~).

The *F*~10~ and *F*~y~ values of each group were divided by the area of the graft tested to measure tension, and are represented as *σ*~10~ and *σ*~y~.

Student\'s *t*-test was used to obtain the *p*-value to assess the statistical significance of the difference between the groups. Values were considered significant when *p* \< 0.05.

Results {#sec0015}
=======

The mean area value for Group 1 was 37 ± 10 mm^2^, and for Group 2, 32 ± 4 mm^2^; no statistically significant difference was observed between the groups (*p* \> 0.05).

When comparing both groups, no statistically significant difference was observed regarding *F*~10~ and *F*~y~ failure loads, stiffness measurements (*R*~10~ and *R*~y~), and strength and tension; the results are shown in [Table 1](#tbl0005){ref-type="table"}.Table 1Results of the mean values of the force at the 10 mm displacement point (*F*~10~), yield load (*F*~y~), rigidity (*R*~10~ and *R*~y~), and tension (*σ*~10~ and *σ*~y~) for Groups 1 and 2, and statistical significance (*p*).Table 1Group 1Group 2*pF*~10~ (N)324.7 ± 12 A333.1 ± 78 A0.4*F*~y~ (N)304.6 ± 13 B251 ± 144 B0.12*R*~10~ (N/mm)31.5 ± 12 C32.4 ± 8 C0.39*R*~y~ (N/mm)38.4 ± 14 D40.3 ± 12 D0.33*σ*~10~ (MPa)9.3 ± 4 E10.2 ± 2 E0.19*σ*~y~ (Mpa)8.9 ± 5 F7.7 ± 4 F0.21[^1]

Discussion {#sec0020}
==========

The most studied double fixation methods use screw posts, anchors, and staples. A theoretical advantage of the staple over the others is that it acts directly on the tendon. This can lead to a more efficient mechanical action when compared with anchors and screw posts, which are secured through wires. Despite this type of mechanical action, in the present study, no significant differences were found between the group in which the tibial fixation was made only with interference screws and the group with interference screws associated with staples. In the classic study by Kurosaka et al.,[@bib0160] better results were found in the tensile strength of cadaver grafts secured with interference screws when compared with staples; it can be hypothesized that the interference screw already reaches the mechanical limit of the tendon and that the complementary fixation is no longer able to increase resistance. In turn, in the study by Gerich et al.,[@bib0220] maximum strength values ranging from 506 to 758 N were observed in the group in which fixation was made with interference screws and 558 N for the group with staples. The rigidity calculated for a 175 N-load was significantly higher in the staple fixation group. An important limitation when comparing the present results with those observed by Kurosaka et al.[@bib0160] and Gerich et al.[@bib0220] is that they analyzed single fixations in the patellar tendon; in the present study, one group had combined fixation, and in both groups, the fixation was made over a tendon graft.

For the tests with ACL reconstruction fixation devices, the ideal would be to have musculoskeletal tissue of young human donors, since the ACL reconstruction procedure is indicated in physically active patients.[@bib0145] The shortage of young cadaver tissue leads to the hunt for similar substitutes, as the main factor in fixation durability is bone quality. One of the most used options is the swine knee, because it has a similar anatomy, despite the fact that its cancellous bone is more resistant.[@bib0195] The ideal animal model for simulation of human knee flexors is the bovine digital tendon, whose mechanical behavior is very similar to that of the human knee flexor tendon.[@bib0190] The present study was aimed at comparing the effectiveness of different fixation devices using the animal tissue models best suited for the investigation. However, the absolute data should not be extrapolated to human beings.

One of the parameters of the study was the failure of the system at 10 mm of displacement (*F*~10~) since it is recognized that 10 mm of anterior tibial translation indicates clinical instability and therapeutic failure.[@bib0210] The values of *F*~10~ were similar to the yield load (*F*~y~), which is the most commonly used parameter in current studies.[@bib0225]

The use of the *F*~10~ failure point, *i.e.*, an increase of the graft length by 10 mm, could be an additional variable to be collected in biomechanical studies. Although this occurs below the 445 N threshold, defined as a minimum acceptable for rehabilitation of ACL reconstruction surgery, it is believed that ligament insufficiency is already defined at this point.[@bib0230] Thus, even if there is a linear force *vs.* displacement behavior, a force measurement of less than 445 N at the point of 10 mm would mean a probable failure, even if the curve does not demonstrate yield load. This hypothesis motivated the adoption of this parameter.[@bib0230]

Studies evaluating additional tibial fixation with staples had force values at the point of failure similar to those observed in the present study. One study showed a failure force of 254 N for screw fixation and 197 N for screw and staple (*p* = 0.24).[@bib0170] Other studies evaluating tibial fixation also found similar values, using other methods of additional fixation.[@bib0235], [@bib0240]

Both rigidity parameters (*R*~10~ and *R*~y~) showed no significant difference between the groups. A possible explanation for this lack of significance is that the values observed may represent the plastic limit of the graft. Therefore, the addition of another fixation device did not increase system resistance. This hypothesis is strengthened by the fact that the *F*~10~ and *F*~y~ values were similar. Another factor is the high density of porcine cancellous bone, which may have increased screw effectiveness. Therefore, the screw as an isolated fixation device may have been sufficient to bring the tendon to its plastic deformation, making additional attachments irrelevant from the mechanical standpoint.[@bib0185], [@bib0195] However, another study observed a greater clinical stability in the group with additional fixation with staples two years after surgery.[@bib0180]

In the two studies in which fixation stiffness was compared, the absolute values were substantially higher than those found in this study, although not statistically significant.[@bib0170], [@bib0180] A possible explanation is that such differences may have occurred due to prior cyclical testing. In both studies, a cyclic test was performed prior to traction, which could have led to accommodation of the fixation system, providing a more immediate response to the tensioning of the system, which would be translated as greater stiffness. These data may suggest a cyclic pretensioning prior to graft fixation, which may increase stiffness; the literature present divergent opinions of poor scientific quality, being unable to prove this behavior.[@bib0245], [@bib0250], [@bib0255]

In Group 1, the influence of the cross-sectional area was suppressed by the stress calculation (*σ*~10~ and *σ*y). An accurate measurement of the graft area is critical in correcting this bias. Studies that measure graft area only through a perforated ruler, which has a sharp increase at each test hole, can impact the reliability of the values. Alginate cast measurement meets the precision requirements, in addition to being of low cost.

The present study has some limitations, such as the small sample size, the fact that no cyclic tests were performed, that animal models were used, and that the models had no femur. The study was aimed at performing an isolated evaluation of the tibial fixation, and the presence of a femur could generate a bias. Graft traction was made in the same line as the tibial tunnel, simulating the worst possible scenario.[@bib0160], [@bib0260], [@bib0265], [@bib0270] Future studies, which consider the above limitations, are necessary to determine the mechanical efficacy of the extra-tunnel staple associated with an interference screw in the tibial fixation of quadrupled flexor tendon grafts.

Conclusion {#sec0025}
==========

The present study failed to demonstrate a greater efficacy of the double fixation of quadrupled flexor tendons using interference screw and staple when compared with fixation made with an interference screw alone.
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[^1]: Note: Different capital letters represent statistically significant differences in the line.
